We studied human cancer cell models in which we detected constitutive activation of ERK. A fraction of active ERK was found to be located in mitochondria in RWPE-2 cells, obtained by v-Ki-Ras transformation of the epithelial prostate RWPE-1 cell line; in metastatic prostate cancer DU145 cells; and in osteosarcoma SAOS-2 cells. All these tumor cells displayed marked resistance to death caused by apoptotic stimuli like arachidonic acid and the BH3 mimetic EM20-25, which cause cell death through the mitochondrial permeability transition pore (PTP). PTP desensitization and the ensuing resistance to cell death induced by arachidonic acid or EM20-25 could be ablated by inhibiting ERK with the drug PD98059 or with a selective ERK activation inhibitor peptide. ERK inhibition enhanced glycogen synthase kinase-3 (GSK-3)-dependent phosphorylation of the pore regulator cyclophilin D, whereas GSK-3 inhibition protected from PTP opening. Neither active ERK in mitochondria nor pore desensitization was observed in nontransformed RWPE-1 cells. Thus, in tumor cells mitochondrial ERK activation desensitizes the PTP through a signaling axis that involves GSK-3 and cyclophilin D, a finding that provides a mechanistic basis for increased resistance to apoptosis of neoplastic cells. 
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glycogen synthase kinase-3 | cyclophilin D | PTP | EM20-25 | arachidonic acid I n cancer, disruption of the tightly regulated network that controls tissue homeostasis occurs as a result of perturbed signal transduction, leading to enhanced activation of biologic subroutines such as cell proliferation and survival. Dysregulation of the Ras/ERK transduction pathway is of particular relevance to neoplastic transformation. Many cancer-associated lesions lead to constitutive activation of ERK signaling (1, 2) , and this activation is associated with unrestrained cell proliferation and poor prognosis (3) . For instance, in prostate cancer, deregulation of growth factor pathways activates Ras/ERK signaling and correlates with cancer progression from a localized, androgendependent to a metastatic, hormone-refractory disease; conversely, Ras inhibition delivers a potent signal of growth arrest and death (4) . The ultimate biological consequences of ERK1/2 activation depend on the specific targets of their kinase activity, and this is partly regulated by the subcellular localization of the enzyme (5). Recent work indicates that a fraction of cellular ERK1/2 is targeted to mitochondria, where it prevents the release of apoptogenic proteins (6) , is involved in the response to oxidative insults (7, 8) , regulates cholesterol transport (9) , and takes part in the disposal of damaged organelles (10) . Mitochondria are key players in apoptosis regulation. Opening of the mitochondrial permeability transition pore (PTP) constitutes a point of no return in cell commitment to death. The PTP is an inner membrane megachannel, whose stable opening results in mitochondrial depolarization, swelling, and rupture of the outer membrane with release of intermembrane proteins (11, 12) . The lack of information on the molecular composition of the pore makes very difficult to comprehend the mechanisms controlling its open-closed transitions. It is established that the mitochondrial chaperone cyclophilin D (CyP-D) enhances PTP opening and is the molecular target of the PTP desensitizer drug cyclosporin A (CsA) (11, 12) . It has been postulated that dynamic networks of kinase/phosphatase pathways might regulate the PTP, converging on the inhibition of glycogen synthase kinase-3β (GSK-3β) (13) . A reduced sensitivity of mitochondrial PTP to diverse stress stimuli was described in in vitro and in vivo models of neoplastic transformation (11, 12) , implying that dysregulation of pore opening might be a strategy used by tumor cells to escape death. Here we report that ERK is constitutively activated in mitochondria of several cancer cell types, where it inhibits GSK-3-dependent phosphorylation of CyP-D and renders these cells more refractory to pore opening and to the ensuing cell death.
Results
We first assessed cell sensitivity to PTP inducers in the human prostate epithelial cell lines RWPE-1 and -2, because they constitute a good model of in vitro transformation (14, 15) . RWPE-1 cells are immortalized but lack any tumorigenic potential, whereas RWPE-2 cells are made tumorigenic by expression of v-Ki-Ras in RWPE-1 cells (14, 15) . As expected, ERK is constitutively active only in RWPE-2 cells (Fig. S1A) . We treated cells with arachidonic acid (AA), a fatty acid that acts as a potent PTP inducer (16, 17) . AA caused marked cell death in RWPE-1 cells, whereas RWPE-2 cells were less sensitive (Fig. 1A and Fig.  S1B ). CsA, which desensitizes the PTP by inhibiting CyP-D, protected both cell types from AA. Because AA is a direct PTP inducer (17) , v-Ki-Ras-mediated transformation might act on the pore itself. In this case, RWPE-2 cells should be similarly protected from the effects of a second PTP opener, unrelated to AA. We tested the BH3 mimetic EM20-25, which, unlike its parent compound HA14-1 (18), does not cause inhibition of respiration or uncoupling, and specifically kills cells by opening the PTP (19) . RWPE-1 cells treated with EM20-25 underwent death to a significantly higher degree than RWPE-2, and cell death was inhibited by CsA ( Fig. 1B and Fig. S1C ). Both AA and EM20-25 also induced mitochondrial depolarization in RWPE-1 cells, whereas their effect was lower in RWPE-2 cells. In both cell types, CsA inhibited depolarization (Fig. S1D) .
We then investigated whether ERK activation contributed to the reduced sensitivity of RWPE-2 cells to PTP inducers. PD98059, a potent inhibitor of MEK (i.e., the kinase responsible for ERK activation) (Fig. S2A ) increased both cell death and mitochondrial Author contributions: A.R., F.C., W.S.B., and P.B. designed research; M.S., F.C., and B.P. performed research; A.R., M.S., F.C., and W.S.B. analyzed data; and A.R. and P.B. wrote the paper. depolarization caused by pore inducers (Fig. 1 C and D) . Similarly, a cell-permeable ERK activation inhibitor peptide (EIP), which corresponds to the N terminus of MEK and selectively binds ERK2 (Fig. S2B) , strongly increased mitochondrial depolarization prompted by pore inducers (Fig. 1E and Fig. S2C ). We also found that a fraction of the p42ERK2 isoform localizes to mitochondria both in RWPE-1 and RWPE-2 cells (Fig. 1F) . Mitochondrial ERK was activated in RWPE-2 cells (Fig. 1F) , and this activation did not involve relocation of K-Ras (Fig. S2D) . We investigated PTP opening with the whole-cell Ca 2+ retention capacity (CRC) assay (20) . RWPE-1 cells had a lower PTP opening threshold than RWPE-2 cells, both in basal conditions and after treatment with AA or EM20-25 ( Fig. 2A) . Treatment with PD98059 markedly enhanced PTP opening (Fig. 2B) .
Similarly to RWPE-2 cells, both DU145 and SAOS-2 cells, which were obtained from a brain metastasis of prostate cancer and from an osteosarcoma, respectively, displayed constitutive ERK activation and mitochondrial localization of a fraction of active ERK (Fig.  S3A ). Using a trypsin digestion assay on isolated mitochondria, we found that the 42-kDa isoform of ERK (ERK2) was not digested under conditions that disrupted external mitochondrial markers (central lane of Fig. 3A ) retaining mitochondrial ability to take up Ca 2+ (Fig. 3B ). Increasing trypsin concentrations fully digested intermembrane space proteins but not inner membrane or matrix components and only partially affected ERK2. ERK2 was eliminated only when mitochondrial membranes were disrupted with SDS before trypsin treatment (right lane of Fig. 3A) . Therefore, the protease-resistant fraction of ERK resides in the matrix, whereas the portion digested by trypsin (see the densitometry of Fig. 3A ) is in external mitochondrial compartments. Densitometric analysis on the trypsin-treated mitochondria vs. the cytosol showed that approximately 1.5% of total ERK is in the matrix. Both DU145 and SAOS-2 cells underwent death and pore opening after treatment with EM20-25, and this was markedly increased by ERK inhibition ( inhibiting an intermediate kinase. Inhibition of the kinase GSK-3 by Ser-phosphorylation was reported to desensitize PTP opening (13) . We found that a fraction of GSK-3 is located in the mitochondrial matrix (Fig. 3A) , corresponding to approximately 1% of the total cell enzyme. GSK-3 associated with CyP-D, and it was Ser-phosphorylated in an ERK-dependent fashion, favoring dissociation of the CyP-D/GSK-3 complex (Fig. 4D ). An in silico analysis was performed with Scansite and NetPhosK databases, and residues S38, S39, and S123 were identified as possible GSK-3 targets on human CyP-D. A purified GSK-3 fusion protein was able to phosphorylate CyP-D, and this was inhibited by the GSK-3 inhibitor indirubin-3′-oxime (Fig. 4E) , which also abolished both mitochondrial depolarization induced by EM20-25 per se, and the enhancing effect of EIP (Fig. 4F) .
Discussion
Chronic activation of the Ras/ERK signaling pathway is frequently induced in neoplastic transformation (2, 3) , where it correlates with worsening of tumor stage and grade and favors metastasis formation (1, 3, 4) . In the present report we have provided evidence that a functional circuit connects the Ras/ERK transduction pathway and the mitochondrial PTP; and that in cancer cell models mitochondrial activation of ERK results in desensitization of pore opening and increased resistance to death stimuli, a finding that has major implications for tumorigenesis. We found that ERK is constitutively activated in mitochondria of cancer cells but not in immortalized, non-transformed prostate cells. Mitochondria-specific ERK activation might provide a key advantage to tumor cells during the oncogenic process, by placing the death/survival mitochondrial rheostat in an anti-apoptotic mode. Mitochondrial ERK inhibition was reported to cause ATP depletion and apoptosis (6) . In other studies, although the subcellular localization of ERK was not assessed, its inhibition prompted block of ATP synthase and mitochondrial depolarization (21, 22) . In this context, an important finding of this study is that an essential component of the mitochondrial death machinery, the PTP, is a downstream target of ERK. This is a further mechanistic clue into ERK survival signaling.
The PTP is a voltage-and Ca 2+ -dependent channel of unknown molecular nature, whose openings lead to mitochondrial depolarization, release of apoptogenic proteins, and cell death (11) . Several observations link the PTP to tumor progression. The pore is desensitized by the product of the oncogene BCL-2 (23), by arylamines in the early phases of liver tumor promotion (24) , in models of resistance to chemotherapeutics, in tumorassociated hypoxia, and in anoikis (11) . Signal transduction through kinase/phosphatase pathways has been proposed to impinge upon PTP regulation. The stress-activated kinase JNK promotes inner membrane depolarization and release of apoptogenic proteins (25) (26) (27) and induces permeability transition in acetaminophen-induced liver injury (28) . A protein phosphatase 2C family member inhibits PTP opening and is essential for cell survival, embryonic development, and cardiac function (29) . ERK, together with the survival kinase Akt, is responsible for the cardioprotective phenomena of ischemic preconditioning, possibly leading to the eventual inhibition of the PTP through abrogation of GSK-3β activity (13, 30, 31) . Release of hexokinase II from mitochondria, where it is involved in the aggressive phenotype of highly glycolytic tumors, is inhibited by the survival kinase Akt and favored by GSK-3β (32), and prompts a rapid permeability transition (20) . Our data are in line with these observations and provide a mechanistic connection between ERK activation and PTP regulation through GSK-3. Indeed, we demonstrate that in diverse tumor cell models resilience to undergo cell death is caused by ERKdependent desensitization of the mitochondrial PTP. We postulate a model in which ERK activation inhibits GSK-3 activity, its association to CyP-D, and CyP-D phosphorylation, leading to PTP desensitization, whereas the Ser/Thr phosphorylation of CyP-D favors pore opening (Fig. 4G) . Our trypsin-digestion experiments suggest that a small fraction of both ERK and GSK-3 is constitutively found in a protease-protected mitochondrial compartment, which we assume to be the matrix space or a domain associated to the inner membrane. ERK and GSK-3 do not possess recognizable mitochondria targeting sequences, and the amount of the enzymes located in internal mitochondrial compartments is a minor fraction of the total enzyme content in the cell. How this fraction of ERK and GSK-3 enters mitochondria is an open question that has not been addressed here or in previous reports (6) (7) (8) (9) (10) 13 ). An alternative model that would also be consistent with our data is that a pool of ERK and GSK-3 associates to the outer mitochondrial membrane and regulates PTP opening through one or more as yet unknown intermediate step(s), including the phosphorylation of CyP-D by another kinase. Further work is needed to clarify this issue, even if our data favor the first model because the mitochondrial pool of the kinases is resistant to concentrations of trypsin that digest outer-membrane proteins. A matrix location is also corroborated by the finding that CyP-D, which is a matrix protein, co-immunoprecipitates with both ERK2 and GSK-3. Notably, CyP-D is Ser/Thr phosphorylated, and this phosphorylation correlates with CyP-D binding to GSK-3. In accord with a pivotal role played by the GSK-3/CyP-D complex in PTP regulation downstream to ERK, in silico analysis reveals putative GSK-3 phosphorylation sites on CyP-D. More importantly, GSK-3 can phosphorylate CyP-D in vitro, and GSK-3 pharmacologic inhibition abolishes pore opening, even after ERK inhibition. Furthermore, ERK blockade prompts a higher mitochondrial depolarization in cells overexpressing CyP-D than in their wild-type counterparts, whereas it is ineffective in CyP-D knockout cells. ERK-mediated inhibition of GSK-3 activity is a well-characterized event (33) , also in tumor models (34) . ERK acts as a priming kinase on GSK-3, therefore requiring the activity of a second kinase for complete GSK-3 inhibition; and GSK-3 itself needs a priming kinase to phosphorylate its target (35) . Moreover, these reactions must be finely tuned by the action of phosphatases. Thus, a network of phosphorylation events could control CyP-D activity and the ensuing pore regulation.
ERK plays a major role in complex survival responses leading to carcinogenesis by orchestrating transient signals and transcription modulation in different subcellular locations. Our data indicate that ERK-dependent desensitization of the PTP in mitochondria requires modulation of GSK-3 and possibly of other molecules. This seems to be an important regulatory hotspot in survival signaling networks, offering a selective target for antitumor agents that may restore the death threshold in tumor cells.
Experimental Procedures
Chemicals and Reagents. FITC-conjugated annexin-V was from Boehringer Mannheim; Calcium Green-5N, MitoTracker Red, and tetramethylrhodamine methyl ester (TMRM) were from Molecular Probes; EM20-25 (Bcl-2 inhibitor III), PD98059, indirubin-3′-oxime, and the ERK activation inhibitor peptide I (Ste-MPKKKPTPIQLNP-NH 2 ) were from Calbiochem; all other chemicals were from Sigma. Arachidonic acid was from Alexis Biochemicals. The mouse monoclonal anti-actin antibody was from Sigma; the mouse monoclonal anti-GAPDH was from Millipore; the mouse monoclonal anti-K-Ras and anti-GSK-3α/β, the goat polyclonal anti-calnexin, and the rabbit polyclonal anti-ERK, anti-poly(ADPribose)polymerase, and anti-TOM20 antibodies were from Santa Cruz Biotechnology; the rabbit monoclonal anti-Bcl-X L and the rabbit polyclonal antiphospho-ERK and anti-phospho Ser21/9 GSK-3 α/β antibodies were from Cell Signaling; the mouse monoclonal anti-phospho-Ser/Thr antibody was from Qiagen; the mouse monoclonal anti-CyP-D was from Calbiochem; the mouse monoclonal anti-cytochrome oxidase subunit IV antibody was from MitoSciences. FITC-conjugated secondary antibodies were from Sigma. The fulllength human recombinant GST-GSK-3β was from Enzo Life Sciences; GST-Bax was a generous gift of Mario Zoratti (University of Padua, Padua, Italy). Cell death inducers were added to exponentially growing cells in HBSS buffer (Sigma) supplemented with calcium chloride, magnesium sulfate, and 10 mM Hepes. Each experiment was repeated at least four times. The CyP-D cDNA was cloned in a pcDNA3 vector (Invitrogen) with a FLAG tag added at its 3′ end and used to stably transfect SAOS-2 cells.
Cell Lysis, Fractionation, Kinase Assay, and Western Immunoblot Analysis. Total cell extracts were prepared at 4°C in 140 mM NaCl, 20 mM Tris·HCl (pH 7.4), 5 mM EDTA, 10% glycerol, and 1% Triton X-100 in the presence of phosphatase and protease inhibitors (Sigma). To prepare mitochondrial extracts, cells were placed in an isolation buffer (250 mM sucrose, 10 mM Tris·HCl, 10 mM EGTA-Tris, pH 7.4) and homogenized at 4°C. Mitochondria were then isolated by differential centrifugation (3 times, first at 700 × g and twice at 7,000 × g, all at 4°C, 10 min) in mitochondrial isolation buffer. For the trypsin assay, mitochondria were treated with trypsin at the reported concentrations at 4°C for 1h. Where indicated, 0.1% SDS was added before trypsin. After inactivating trypsin, mitochondria were spun (18,000 × g, 10 min, 4°C) and loaded on an SDS/PAGE or used for CRC assays. Immunoprecipitations were performed according to standard procedures on 3 mg of extracted proteins per reaction. Anti-FLAG immunoprecipitations were made using an anti-FLAG M2 Affinity Gel (Sigma). The kinase assay was performed by incubating FLAG-CyP-D obtained from 10 7 cells with GST-GSK-3β (200 ng) for 30 min at 30°C in a buffer containing 25 mM Tris·HCl (pH 7.5), 5 mM β-glycerophosphate, 2 mM DTT, 0.1 mM Na 3 VO 4 , and 10 mM MgCl 2 , supplemented with 50 μM ATP. Indirubin-3′-oxime was preincubated 30 min with the enzyme. Western immunoblots were carried out under standard conditions, and proteins were visualized by enhanced chemiluminescence (Millipore). Densitometric analysis was performed with Quantity One software (Bio-Rad Laboratories).
Flow Cytometry Analysis of Apoptosis Induction. Flow cytometry recordings of apoptotic changes were performed as described previously (36, 37) to detect mitochondrial depolarization (reduced TMRM staining), phosphatidylserine exposure on the cell surface (increased FITC-conjugated annexin-V staining), and loss of plasma membrane integrity (propidium iodide staining). Samples were analyzed on a FACSCalibur flow cytometer (Becton Dickinson). Data acquisition was performed using CellQuest software (Becton Dickinson) and data analysis with WinMDI free software.
Measurement of Mitochondrial Ca
2+ Retention Capacity. The CRC assay was used as described to assess PTP opening in whole cells after trains of Ca 2+ pulses (20, 38) . Briefly, cells were washed in an isotonic buffer (130 mM KCl, 1 mM Pi-Tris, 10 mM Tris/Mops, and 0.1 mM EGTA/Tris, pH 7.4), and then permeabilized with 150 μM digitonin (15 min, 4°C), increasing EGTA to 1 mM. Digitonin was then eliminated and the number of cells carefully assessed before starting each experiment. Permeabilized cells were placed in low (10 μM) EGTA in the presence of 2 μM rotenone/5 mM succinate, 10 μM cytochrome c, and of the Ca 2+ indicator Calcium Green-5N, which does not permeate mitochondria. Cells were then exposed to Ca 2+ spikes, and fluorescence drops were used to assess mitochondrial Ca 2+ uptake. PTP opening was detected as a fluorescence increase.
